Thermal decomposition of an iron-based MOF was conducted under controlled gas environments to understand the resulting porous carbon structure. Different phases and crystallite sizes of iron oxide are produced based on the specific gas species. In particular, air results in iron(III) oxide, and D2O and CO2 results in the mixed valent iron (II,III) oxide. Performing the carbonization under non-oxidative or reducing conditions (N2, He, H2) results in the formation of a mixture of both iron (II,III) oxide and iron (III) oxide. Based on in situ and air free handling experiments, it was observed that this is partially due to the formation of zero-valent iron metal that is rapidly oxidized when exposed to air. Neutron pair distribution function analysis provided insight into the effect of the gas environment on the local structure of the porous carbon, indicating a noticeable change in local order between the D2O and the N2 calcined samples.
INTRODUCTION
Porous carbons have long been utilized for adsorption, [1] separation, [2] and catalytic applications. [3] A number of different methodologies can be utilized for the generation of porous carbons, from the direct pyrolysis of an organic precursor such as biological waste products [4] or organic polymers, [5] to the chemical activation of a carbon precursor using a strong base. [6] In particular, metal oxide doped porous carbons have been utilized for a number of different catalytic transformations, such as alcohol oxidation, [7] the Fischer-Tropsch reaction, [8] and oxygen evolution. [9] The generation of these metal oxide doped porous carbon species has typically been achieved through post-synthetic growth or incorporation of metal nanoparticles within the carbon structure. [10] In these materials, the porosity of the carbon is either the result of a porous biological precursor, which often has a non-uniform range of porosities or is dependent on the processing step, typically through chemical etching. [11] Metal-organic frameworks (MOFs) are a class of porous materials comprised of inorganic nodes, typically referred to as secondary building units (SBUs) connected to organic linkers. [12] One of the main advantages of MOFs is that both their chemical and pore structures and functionalities can be tuned through simple ligand or metal modification. Such features are promising for many next-generation smart applications, [13] and have identified MOFs as particularly interesting materials for gas separation [14] and catalysis. [15] Addition-ally, the regular geometry of these compounds results in high levels of crystallinity and regularly shaped and organized pores. Due to their tunable porosity and metal centers, there has been a growing interest in us-ing MOFs as templates for the generation of porous carbons. [16] MOF-derived carbons are typically pro-duced via the direct calcination of MOFs under inert conditions, typically under N 2 , [17] Ar, [18] or He [19] at-mospheres. MOF-derived carbons have the potential to be used as a replacement for standard porous car-bons in areas such as water remediation [20] or chem-ical warfare agent degradation, [21] due to their highly stable structures. Additionally, there is an interest in dispersing metallic nanoparticles throughout a carbon scaffold to present sintering and maintain high chem-ical activity, [21] , which MOF-derived carbons excel at through their predispersed metal SBUs.
MOFs have long been used as gas storage materials due to their high surface areas, increasing accessible surface for the physisorption of gases. [14] The adsorption affin-ity and capacity is often dependent on the dimensions of the host/guest, such as the size of the gas molecule or pore [22] or the degree of polarizability. [23] As such, the use of different gases during calcination should result in different degrees of gas adsorption on the material or dif-fusion through the material. While multi-gas activation processes have been studied in the formation of activated carbons, [24] less research has focused on the effect of different gas environments on the formation of MOF derived carbons.
RESULTS AND DISCUSSION
In this work, we have focused on a typical ironcontaining MOF, PCN-250 [25] (also known as MIL-127 [26] ), consisting of Fe 3 µ 3 O clusters and the ligand, 3, 3 , 5, 5 -azobenzenetetracarboxylate (ABTC). PCN-250 has been well studied for gas storage and separation applications due to its accessible open metal sites. [25] [27] Open metal sites are utilized to improve the polarization of gas molecules within the MOF pores, improving the adsorption affinity of the gas species. [22] Due to the improved gas adsorption affinity, there is an increased likelihood of adsorption events occurring during calcination, which could potentially result in variations in the pore structure of the final porous carbon.
Based on initial thermogravimetric analysis (TGA) of PCN-250 under a flow of air, N 2 , and water-saturated N 2 , we determined the decomposition temperature of PCN-250 to be around 350 to 450 • C, with at least partial dependence on the gas flow environment ( Figure S1 ). Calcination under air results in the near-complete thermolysis of the ligand (76% of the total theoretical mass). Meanwhile, under N 2 the MOF only loses 25% mass upon decomposition at 450 • C, with a secondary mass loss event occurring at 580-620 • C. Interestingly, when PCN-250 is decomposed in the presence of water vapor, the mass loss event at 620 • C results in what appears to be the complete pyrolysis of the ligand, with the final sample mass corresponding to that observed under air oxidation. Based on the TGA results, we became interested in the gas flow-dependent decomposition of PCN-250 and decided to study how the gas environments affect the material structure. Additionally, we hypothesized that the different gas environments should result in highly differentiated pore structures when transformed into a MOF-derived carbon. In order to prevent complete loss of ligand-derived carbon upon carbonization, the samples were calcined at 500 • C for 4 hours under a set of six different gas environments: air, N 2 , He, water enriched N 2 (utilizing D 2 O to prevent potential H incorporation for neutron diffraction experiments, 2% D 2 O by volume), CO 2 , and H 2 (5% in N 2 ). BET adsorption analysis of each sample was conducted to confirm the effect the gas environments have on surface area (Figure 1 ). In general, the calcined samples have lower BET surface areas compared to uncalcined PCN-250 (approximately 1500 m 2 /g), [25] with the air calcined samples showing the lowest BET surface area, 9 m 2 /g, and the He calcined sample showing the highest BET surface area, 265 m 2 /g. In agreement with our initial hypothesis, the surface area has a strong correlation with the amount of remaining carbon in the material (Table S1) , with a linear fit of the data giving an R 2 value of 0.93129 ( Figure S2 ). The R 2 value improves to 0.98115 if the data for the D 2 O sample is removed due to its outlier status. The carbon content for the D 2 O calcined sample is the highest of all six samples, despite only having the third-highest surface area (221 m 2 /g). One potential cause could be that D 2 O is labilizing the metal-carboxylate bonds during the initial heating phase of the calcination, forming a lower surface area partially amorphous MOF-like structure that is then carbonized. The pre-carbonization amorphization is likely causing some of the organic species to be trapped within the structure, preventing off-gassing during carbonization. The D 2 O sample also has a significantly higher nitrogen content (5.28% vs. 3.62% for the next highest). The main nitrogen content of PCN-250, the azobenzene bridge of the ligand, is well known for readily eliminating N 2 well below 500 • C, [28] which does suggest that the remaining nitrogen content within the MOF derived carbons is due to poor thermal accessibility and off-gassing capabilities of the ligands during carbonization.
The samples of PCN-250 exhibit a large hysteresis at p > 0.4, which is representative of mesoporous structures within the material. The generation of a 38 Å mesopore within PCN-250 has been previously reported, [27] which also matches with the pore size distribution data for the calcined PCN-250 samples ( Figure S4 , S5). The N 2 and the He calcined samples show broadly similar isotherms, suggesting a similarity in the environments generated by these gases during calcination. Interestingly, the D 2 O in N 2 calcined sample also shows a similar isotherm to that generated by N 2 and He, which suggests that the concentration of D 2 O in the sample during calcination is low enough to not significantly impact the overall carbon superstructure, despite the differences in total carbon content. However, this same phenomenon is not observed with the sample calcined in the presence of 5% H 2 in N 2 , which shows a significant reduction in BET surface area, 98 m 2 /g. Despite the differences in sample porosity, the morphologies of the individual samples are similar, maintaining the relative shape of PCN-250 as seen through scanning electron microscopy (SEM) images ( Figure S6 -12) . The air calcined sample shows the most substantial deviation from the shape of PCN-250, with large cracks and channels observable in the material ( Figure S7 ). The other samples all show relatively similar morphological changes, with some contraction on a few of the crystal faces and corresponding concavity to the crystal edges (Figures S8-S12). These minor morphological defects result in the formation of a wave-like pattern on the faces of most of the crystals, with the effect being most evident for the CO 2 calcined sample ( Figure S10 ). Other than the introduction of these wave patterns and some slight deviations on the edges of the crystals, the samples remain similar to the original PCN-250.
As PCN-250 contains iron-based SBUs, we were interested in probing the presence and phases of the resulting Fe nanoparticles within the samples. Powder X-ray diffraction (PXRD) analysis (utilizing a Bruker-AXS D8 short arm diffractometer equipped with a multiwire lynx eye detector using Cu Kα radiation) of the six samples showed that in addition to altering the porous carbon structure of the material, calcination under different gas environments also resulted in the generation of different iron oxide phases and variation in crystalline domain size ( Figure 2 ). Analysis of the iron oxide domains was performed via Rietveld refinement of the experimental data using known iron oxide structures and the software package GSAS II. [29] The unit cell parameters, the atomic displacement and position parameters of the atoms, and the crystallite size of the iron oxide phases were refined. All samples were initially modeled as a mixed-phase system consisting of both iron (II,III) oxide and iron (III) oxide, with subsequent single-phase fits performed on those data showcasing zero contribution from a second phase. As expected, calcination under air results in the complete formation of the fully oxidized iron (III) oxide, Fe 2 O 3 (Figure 2a ).
Interestingly, Rietveld refinement of the H 2 calcined sample (Figure 2a , bottom) gave an iron (III) oxide phase fraction of 89.31% with the balance of 10.69% being iron (II,III) oxide ( Table 1) . The sample visibly glowed as it was exposed to air after cooling to room temperature (Video 1), which suggests that oxide formation does not occur during the calcination process, but only after air exposure.
Exposure to oxygen atom-containing compounds such as D 2 O and CO 2 did not result in iron (III) oxide, but formed the mixed valent iron (II,III) oxide, as confirmed via Rietveld refinement (Figure 2b ). This is likely due to the poorly oxidizing nature of the two molecules, which, while introducing oxygen atoms to the metal clusters of PCN-250, does not have the oxidation potential to result in complete oxidation to iron (III) oxide. Initial refinement using standard iron (II,III) oxide resulted in a poor fit, w ith t he i ntensity r atio o f t he ( 113) t o ( 022) peaks (35.8 and 30.3 • 2θ) differing significantly f rom t hat seen in the bulk material. The fit q uality w as substantially improved by refining the cation deficiency, with a refined iron occupancy of 0.982 in the tetrahedral site and 0.974 in the octahedral site. [30] The refined F e ( II, I II) oxide crystallite sizes are less than 20 nm (Table 1) , likely due to the conditions invoked through confinement in the MOF-derived graphitic scaffold, and with the milder oxidation preventing the sintering observed with iron (III) oxide.
Meanwhile, after calcination under an inert atmosphere, the resulting carbon material was also observed to oxidize in air at room temperature. Interestingly, while H 2 calcined PCN-250 mainly resulted in the formation of iron (III) oxide, the N 2 and He calcined samples resulted in a more even mixture of the two iron oxide phases. The N 2 calcined sample resulted in 55.7% iron (II,III) oxide and 44.3% iron (III) oxide (Figure 2c, top) , while the He calcined sample resulted in 46.47% iron (II,III) oxide and 58.53% iron (III) oxide (Figure 2c , bottom) according to Rietveld refinement of the laboratory PXRD patterns ( Table 1) .
Rietveld refinement of the six samples also revealed information regarding trends in the crystallite size of the iron oxide phases. In general, the iron (III) oxide phases, when present, appeared to be larger than those of the iron (II,III) oxide. The iron (III) oxide phases range in size from 70 nm in the He calcined sample to 210 nm in the N 2 sample. Both air and N 2 calcination resulted in the formation of iron (III) oxide domains greater than 100 nm. Transmission electron microscopy (TEM) images of both the air calcined (Figure 3a , Figure S13 ) and the N 2 calcined (Figure 3c , Figure S18 ) samples both show the presence of bulk iron (III) oxide. Meanwhile, both the He calcined and the H 2 calcined samples have poorly discernable features, with no apparent signs of bulk iron oxides, nor nanoparticle oxides. This is suggestive of the highly mixed and intermediate ranged size of the iron oxide nanoparticles, which corresponds with the size values determined by Rietveld refinement. The iron (III) oxide particles are less than 100 nm (88.4 nm and 70 nm for H 2 and He respectively), and the iron (II,III) oxide particles are greater than 10 nm (25 nm and 19 nm for H 2 and He respectively), corroborating the TEM images.
Further insight into the bulk carbon structure of the materials was achieved via high-resolution SEM. The SEM images show the presence of nanoscale features, typically in the form of approximately 20 nm nodules (Figure 3, Figures S20-25 ). The nodules are readily apparent alongside the surface wave-like pattern, suggesting that the physical strain introduced during the nodule formation is likely responsible for the bulk wave-like pattern on the surface of the material ( Figure S21 ). These nodules are present in all of the materials except for the air calcined sample (Figure 3a , Figure S20 ). As the air calcined PCN-250 mainly appears to be bulk iron (III) oxide, these nodules are likely at least partially due to the residual carbon within the remaining samples. In the air calcined sample, there instead appear to be 20-100 nm holes formed due to the complete pyrolysis of the ligand, which correlates well with the small observed level of mesoporosity in the air calcined sample.
Samples previously calcined under air, D 2 O, and N 2 were studied via neutron diffraction and total scattering at the Nanoscale Ordered Materials Diffractometer (NOMAD) [31] beamline of the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL) to enable pair distribution function (PDF) analysis. Analysis of the Bragg diffraction peaks in the three samples was performed via the same Rietveld refinement methods described for the laboratory PXRD data (Table 1 ). Both the air and the D 2 O calcined samples still only showed the presence of a single iron oxide phase, iron (III) oxide and iron (II,III) oxide, respectively. Similar to the laboratory PXRD data, the D 2 O data was also best fit to an iron (II,III) oxide structure containing cationic vacancies. [30] . Both data sets show a similar trend to the lab-scale data, with the iron (III) oxide crystallites be-ing significantly larger and the iron (II,III) oxide crystal-lites tending to be smaller, with some minor variation be-tween the two sets of refinements. Analysis of the Bragg diffraction of both the air and the D 2 O calcined samples also showed significant magnetic diffraction peaks (Fig-ures S26-37 ). The neutron diffraction data of the N 2 calcined sample still exhibits a mixture of iron (II,III) oxide and iron (III) oxide. However, the ratio of the two phases differs significantly, with the neutron data refining to 34.68% and 65.32% for iron (II,III) oxide and iron (III) oxide, respectively. Most likely, this is the result of a sampling error, with the sample not being in the same condition for both laboratory PXRD and neutron diffraction analysis. The significant estimated standard deviation in the iron (III) oxide domain size is likely due to the polydisperse distribution of crystallites within the N 2 calcined sample, with both bulk and nanoparticle domains observed in the TEM (Figure S17-18 ).
PDF fits of the three samples were performed using PDFgui. [32] The unit cell parameters, the atomic thermal parameters, the linear atomic correlation factor, and the empirical spherical particle size were refined. The air calcined sample was in reasonable agreement with iron (III) oxide, corroborating Rietveld analysis (Figure 4 ). The main component of the difference curve of the air calcined sample appeared to be due to a broadly oscillating curve, which is characteristic of magnetic scattering. In order to confirm this, we fit the difference PDF using the magnetic PDF (mPDF) method developed by Frandsen and Billinge [33] [34] in Diffpy-CMI. [35] The mPDF was modeled using the known magnetic structure of iron (III) oxide, [36] consisting of spins ferromagnetically aligned within the plane, but antiferromagnetically aligned between adjacent planes of the iron sublattice. Both the paramagnetic scale factor and the scale factor for the overall mPDF function were refined. The difference curve after the refinement of both the nuclear and magnetic PDF is minimal (Figure 4a ). This suggests that the residual carbon content of the air calcined sample is low, matching well with the elemental analysis data, with the air calcined sample only containing 0.15% carbon by mass (Table S1 ).
The carbon component of the D 2 O and N 2 samples were fit to graphitic carbon. Previous studies into MOF carbonization have generally shown that MOF derived carbons, especially those using aromatic ligand units, tend to have a high degree of graphitization. [37] Observation of the PDF of the D 2 O and N 2 samples showed the presence of a large peak at 1.4 angstrom, which is indicative of the sp 2 C-C bond in graphitic carbon, [38] further supporting the identification of the carbon phase in these materials as graphitic.
The domain size of the carbon scaffold was modeled in PDFgui using an empirical spherical shape function for the graphite phase. [39] Both the D 2 O and the N 2 data only show carbon correlations out to near 5 Å. When refined through the entire range of 1-30 angstrom the D 2 O domain size settles on 5.28 angstrom while the N 2 only refines out to the slightly larger 5.76 angstrom. However, constraining the domain size and refining the two samples from 5.3 to 15 angstrom does suggest some minor contribution from the graphite phase in the N 2 sample, with the scale factor for graphite being 0.019 as opposed to 0.0023 for the D 2 O sample. In order to properly visualize this longer-range component as well as differences in the degree of order between the two samples, the 1-5 angstrom and the 5-15 angstrom fits of both the N 2 and the D 2 O data were graphed together with the N 2 data scaled such that the intensity at the 1.4 angstrom peak matches that of the D 2 O data ( Figure 5 ). The image shows the higher relative intensities for the N 2 fit at 2.42, 3.7, 4.26, and 5.1 angstrom, which suggests that there is likely a greater degree of structural order in the N 2 sample relative to its total carbon content, which correlates well with its improved porosity and elemental analysis data. In order to best illustrate this relationship, we opted to take the difference of the D 2 O graphitic curve from the scaled N 2 graphitic curve (orange line in Figure  5 ) which shows some possibility of minor features at distances greater than 5angstrom visible as small humps or waves. By comparing the position of these waves to that of the peaks in a calculated bulk graphite PDF we can observe that the waves of the N 2 do correspond in location with the graphite peaks at 7.1 8.25 and 10.8 angstrom, suggesting that the N 2 data does have a minor amount of larger-scale graphitic components.
The first three C-C peaks (1.4, 2.42, and 2.84 Å) correspond to standard graphitic carbons. [38] The peak at 1.4 Å corresponds to the bond between two sp 2 hybridized carbons, the peak at 2.42 Å corresponds to the distances between meta oriented carbon atoms in hexagonal carbon moieties, and the peak at 2.84 angstrom corresponds to the para-para distance in graphitic carbon. [38] In keeping with the general trend of longer-range order observed in the N 2 sample we also observed an increase in relative order in the short-range peaks of the graphitic PDF by observing the alteration in the peak intensity ratio at low r. The D 2 O calcined sample has an intensity ratio of 2.05 for the 1.4 to 2.42 Å peaks, while the N 2 calcined sample has an intensity ratio of 1.57. This suggests that there is a greater degree of simple C-C sp 2 hybridized bonds in the D 2 O calcined structure compared to complete C 6 units. This can be visualized by observing the difference in the scaled N 2 compared to the D 2 O at 2.42 Å ( Figure  4d) , as there is a noticeable peak there which corresponds to the greater relative number of units in the N 2 sample.
This result corresponds well with the porosity and surface area of the D 2 O calcined sample, which is noticeably lower than that of the N 2 calcined sample despite having a more substantial carbon content. The increased carbon content is likely due to amorphous collapse of the carbon domains, which has limited the ability of the material to maintain a porous structure. Meanwhile, the N 2 calcined sample has a higher degree of complete C 6 units relative to its carbon content, explaining its higher porosity and surface area. The structural collapse induced by D 2 O exposure is likely due to the competition between the D 2 O and the MOF ligand, ABTC, to bind to the iron centers in PCN-250. This competitive delegation could potentially cause an initial loss of order within the D 2 O structure ahead of carbonization. This partial collapse could also be partially insulating for the interior of the material upon calcination, as the D 2 O not only has the highest carbon content (31.61% by weight) but also the highest hydrogen content at 1.91% by weight, which is significantly higher than the next highest sample, the N 2 calcined sample at 1.47%. This is likely due to incomplete carbonization of the interior structure during calcination, aided by the insulating nature of the pre-amorphized ligand under D 2 O conditions.
The metal component of the nuclear PDF of the D 2 O calcined sample ( Figure 4b ) was modeled using iron (II,III) oxide. The residual after fitting the nuclear component is relatively small, but with a periodic oscillation related to the magnetic correlations of iron (II,III) oxide. The inverse spinel structure of iron (II,III) oxide consists of iron (III) in the tetrahedral positions and mixed iron(II) and iron(III) in the octahedral positions. The spins of the tetrahedral sites align antiferromagnetically with the spins of the octahedral sites. The overall imbalance in the spin magnetic moment due to the differences in site numbers and oxidation states account for the ferrimagnetic properties of iron (II,III) oxide. [40] . The mPDF was again fit against the nuclear difference PDF (Figure 4b) using a spin configuration determined from the literature. [40] As the iron oxide crystallite size is much reduced and the percentage of carbon is vastly increased in the D 2 O sample compared to the air calcined sample, (31.6% versus 0.15%) the overall contribution from magnetic scattering is less apparent.
FIG. 5:
Overlap of the D 2 O (red line) and N 2 (blue dashes) with the N 2 scaled so the first peak (1.4 Å) matches that of the D 2 O, a difference curve (orange) which is taken as the D 2 O graphitic curve subtracted from the scaled N 2 curve is shown below. At the bottom is a calculated PDF for the graphitic carbon phase utilized for the PDF fitting. [41] The overall range of the order between the two matches well out to 4.2 Å. The N 2 calcined sample has a greater degree of order at the intermediate ranges (2.42 and 3.66 Å) and shows greater order at 5.1 Å, with minor broad features from 6 Å and beyond.
Meanwhile, the nuclear PDF of the N 2 calcined sample data (Figure 4c ) was fit to three-phase mixture of iron (II,III) oxide, iron (III) oxide, and graphite, with the residual consisting of the magnetic scattering from both iron (II,III) oxide as well as iron (III) oxide. The nuclear and the magnetic PDFs were modeled with a mixture of the two iron oxide phases, with the scale factors for the contributing phases refined. The initial analysis does not show any alteration to the two magnetic structures, both the iron (III) oxide and the iron (II,III) oxide spins are best fit using the antiferromagnetic and ferrimagnetic structures mentioned previously. The current work is not focused on the exact variation between the local magnetic structure and that of the bulk phase materials, but this concept will be investigated as part of future work.
In order to probe the oxide species that form under inert gas flow, we conducted in situ variable temperature PXRD analysis under He and N 2 flow ( Figure 5 ). Unfortunately, due to safety concerns and instrument limitations, we were unable to conduct the same calcination in the presence of H 2 . Upon heating to around 450 • C, there is a complete loss of crystallinity in the sample as it appears to lose the last remnants of MOF structural stability. At 500 • C a new set of diffraction peaks starts to form in both the N 2 and the He calcined samples. Interestingly, the two gas environments differ due to the growth of a Fe(0) phase in the N 2 calcined system (marked with a black rectangle in Figure 5a ). This Fe(0) phase is only a minor component at 500 • C, but increases as the temperature is ramped to 700 • C. We were also able to observe the Fe(0) phase when the sample was held at 500 • C for 2 h, which is similar to the 4 hour calcination condition used for the bulk sample prep ( Figure S42 ). For comparison, holding the sample at 500 • C under He for 4 h produced no noticeable growth of Fe(0), although eventual growth was observed once the sample reached 700 • C after having been previously held at 500 • C for 4 h and 600 • C for 2 h ( Figure S43 ). Based on these results, we hypothesized that the formation of Fe(0) was due to the presence of N 2 and that the formation of Fe(0) under He at longer dwell times was the result of the 5 ppm N 2 impurities within the UHP He used for the experiment. Interestingly, performing the same 200 • C to 700 • C in situ experiment using the isolated Fe 3 µ 3 O cluster under both N 2 and He instead only resulted in the formation of the unknown phase, with no Fe(0) observed ( Figure S44) .
In order to determine if Fe(0) was indeed being formed during tube furnace calcination, an air-free sample collection environment was built ( Figure S45 ). Using the cell, the sample could be isolated under N 2 during and after calcination and then brought into an Ar filled glovebox. Using an air-free PXRD cell ( Figure S46) , we were able to analyze the sample, showing the presence of Fe(0) ( Figure S47 ). The procedure also allowed us to calcine PCN-250 under H 2 and isolate the result, which showed the presence of Fe(0) ( Figure S48 ). Rietveld refinement of these samples suggests a domain size of 13.9 nm for the N 2 sample and a size of 30 nm for the H 2 calcined sample. Additionally, N 2 adsorption analysis of the two samples suggest that the post calcination oxidation appears to increase the BET surface area and pore volume, as both air-free samples have lower surface areas and pore volumes compared to their air-exposed counterparts. The N 2 calcined sample exhibits a BET surface area of 220 m 2 /g and a pore volume of 0.188 cm 3 /g (versus 235 m 2 /g and 0.201 cm 3 /g for the air-exposed sample), and the H 2 calcined sample exhibits a BET surface area of 84 m 2 /g and a pore volume of 0.084 cm 3 /g (versus 98 m 2 /g and 0.112 cm 3 /g for the air-exposed sample). In addition, the isotherms of the two samples are broadly similar in features to their oxidized counterparts, with some variation in the H 2 sample due to a larger hysteresis, suggesting a difference in the mesopore shape ( Figure S49 ).
CONCLUSIONS
The work herein showcases the unique behavior of the iron-based MOF, PCN-250, during calcination under different gas flow environments. While our initial hypothesis proposed that the calcination conditions could change the porosity of the sample, we were surprised by the formation of different phases of iron during the calcination process. These results show that the nanoconfined state of the iron sites within the MOF allows for an unprecedented level of oxidation control, with the atmospheric conditions above the sample being entirely responsible for the formation of the resulting iron oxide phase. The local structure of several of the materials was probed via neutron scattering PDF experiments, which allowed for partial investigation of the magnetic structure of the carbon scaffolded iron oxide materials, which showed that while the size range of the carbon ordering is similar between different samples, the relative ratio of ordering at the molecular level changes significantly with gas environment. A post-calcination oxidation event was observed for N 2 , H 2 , and He calcined samples, which resulted in the formation of mixed oxide phases within the samples. These materials were probed via in situ PXRD and air free calcination methods which showed that these postcalcination oxidations are at least partially due to the formation of zero-valent iron under calcination conditions. Future work will focus on elucidating the mechanism of zero-valent iron formation, as well as the effect of the lo-cal environment and nanoconfinement of the metal centers on the reduction event. The ability to control the bulk and local structure of metal oxide-containing porous carbons are of great use for potential catalytic applications, with future work focusing on the development of heterogeneous catalysts through the controlled calcination of MOFs.
